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Abstract 

A complete characterization of all the possible effective interactions up to di- 
mension 5 of the top and bottom quarks with the electroweak gauge bosons have 
been made within the context of the non-linear chiral Lagrangian. The dimen- 
sion 5 operators (19 in total) can contribute to the VlVl — * it or tb amplitudes 
with a leading energy power of E 3 (E 2 ) for fermion pairs with same (oppo- 
site) sign helicities. Because of the equivalence between the longitudinal weak 
boson and the corresponding would-be Goldstone boson in high energy colli- 
sions (Goldstone Equivalence Theorem), they are sensitive to the electroweak 
symmetry breaking sector. We also show the top quark production rates at 
the LHC and the LC via VlVl fusion processes. At the LC, if no anomalous 
production rate is found, these coefficients can be bound (based on the naive 
dimensional analysis) to be of order 10 _1 . This is about an order of magnitude 
more stringent than the bounds for the next-to-leading order bosonic opera- 
tors commonly studied in VlVl — ► VlVl scatterings. The effects on a CP-odd 
observable are also briefly discussed. 
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1 Introduction 



Despite the unquestionable significance of its achievements, like that of predict- 
ing the existence of the top quark, there is no reason to believe that the Standard 
Model (SM) is the final theory. For instance, the SM contains many arbitrary pa- 
rameters with no apparent connections. In addition, the SM provides no satisfactory 
explanation for the symmetry-breaking mechanism which takes place and gives rise 
to the observed mass spectrum of the gauge bosons and fermions. Because the top 
quark is heavy relative to other observed fundamental particles, one expects that 
any underlying theory, to supersede the SM at some high energy scale A ^> m t , 
will easily reveal itself at lower energies through the effective interactions of the top 
quark to other light particles. Also because the top quark mass (~ v/y/2) is of the 

order of the Fermi scale v = (y2Gp) = 246 GeV [|T|, which characterizes the 
electro weak symmetry-breaking scale, the top quark system could be a useful probe 
for the symmetry-breaking sector. Furthermore, the fermion mass generation can be 
closely related to the electroweak symmetry-breaking mechanism, one expects some 
residual effects of this mechanism to appear in accordance with the mass hierarchy 
H |3|, H|]. This means that new effects should be more apparent in the top quark sector 
than in any other light sector of the theory. Therefore, it is important to study the 
top quark system as a direct tool to probe new physics effects || . 

Because of the great diversity of models proposed for possible new physics (beyond 
the SM) , it has become necessary to study these possible new interactions in a model 
independent approach ||. This approach has proved to render relevant non-trivial 
information about the possible deviations from the standard couplings of the heavier 
elementary particles (heavy scalar bosons, the bottom and the top quarks, etc.) 0. 
Our study focuses on the top quark, which because of its remarkably higher mass 
is the best candidate among the fermion particles for manifesting these anomalous 
interactions at high energies. 

A common approach to study these anomalous couplings is to consider the most 
general on-shell vertices (form factors) involving the bottom and the top quarks and 
the gauge bosons of interest ||. In this work we will incorporate the effective chiral 
Lagrangian approach || , which is based on the principle of gauge symmetry, but the 
symmetry is realized in the most general (non-linear) form so as to encompass all 
the possible interactions consistent with the existing experimental data. The idea 
of using this approach is to exploit the linearly realized U(l) em symmetry and the 
non-linearly realized SU(2) L x U(1) Y symmetry to make a systematic characterization 
of all the anomalous couplings. In this way, for example, different couplings which 
otherwise would be considered as independent become related through the equations 
of motion. 

In Ref. QH it was shown that low energy data (including Z pole physics) gener- 
ally do not impose any stringent constraints on the k coefficients of the anomalous 
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couplings in [cf. Eq. (pB])]. Hence these anomalous couplings have to be directly 
measured via production of top quarks at the colliders. For instance, the couplings 
k^r can be measured from the decay of the top quarks in tt pairs produced either at 
hadron colliders, such as the Tevatron and the Large Hadron Collider (LHC), or at 
the electron linear collider (LC). They can also be studied from the production of the 
single-top quark events via W^-gluon fusion {Wg — > tb) ||, 0, [IT], [12], [L3|] or the Drell- 



Yan like (W* — > tb) [[14], [T5|] processes at the hadron colliders, as well as from the 
H^-photon fusion (Wj — > tb) process at the electron colliders jl6| . The coupling n^ c R 
can only be sensitively probed at a future linear collider via the e + e~ — > 7, Z — > tt 
process |17] because at hadron colliders the it production rate is dominated by QCD 
interactions ( qq, gg — > tt). At the LHC re^ may also be studied via the associated 
production of tt with Z bosons, which deserves a separate study. 

In this work, we will extend the previous study by including dimension 5 fermionic 
operators, and then examine the precision with which the coefficients of these opera- 
tors can be measured in high energy collisions. Since it is the electroweak symmetry 
breaking sector that we are interested in, we shall concentrate on the interaction of 
the top quark with the longitudinal weak gauge bosons; which are equivalent to the 
would-be Goldstone bosons in the high energy limit. This equivalence is known as 



the Goldstone Equivalence Theorem [18]- [21 



For simplicity, we will only construct the complete set of dimension 5 effective 
operators for the fermions t and b, although our results can be trivially extended for 
operators including other fermions such as the flavor changing neutral interactions 
t-c-Z, t-c-7 @ and t-c-g 

Our strategy for probing these anomalous dimension 5 operators ( ) is to 
study the production of tt pairs as well as single-t or t via the W^W^ , ZlZl and 
W^Zl (denoted in general as VlVl) fusion processes in the TeV region. As we shall 
show later, the leading contribution of the scattering amplitudes at high energy goes 
as E 3 for the anomalous operators where E = ^/s is the CM energy of the 
W + W~ or ZZ system (that produces tt), or the W ± Z system (that produces tb or 
bt). On the other hand, when the coefficients re£ ^. and re^§ are zero, the dimension 
4 operators can at most contribute with the first power E 1 to these scattering 
VlVl processes. Hence, in this case, the VlVl — > f f scatterings in the high energy 
region are more sensitive to than to C^' . If these re's are not zero, then the 
high energy behavior can at most grow as E 2 as compared to E 3 for the dimension 5 
operators (See Appendix B). 

As mentioned before, the dimension 4 anomalous couplings re's are better mea- 
sured at the scale of My/ or m t by studying the decay or the production of the top 
quark at either the Tevatron, the LHC, or the LC near the tt threshold. Since, as 
mentioned above, the dimension 5 operators are better measured in the TeV region, 
we shall assume that by the time their measurement is feasible, the re's will already 
be known. Thus, to simplify our discussion, we will take the values of the re's to be 
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zero when presenting our numerical results. 

We show that there are 19 independent dimension 5 operators (with only t, b and 
gauge boson fields) in after imposing the equations of motion for the effective 
chiral Lagrangian. It is expected that at the LHC or the LC there will be about a few 
hundreds to a few thousands of it pairs or single-t (or single-?) events produced via 
the VzYl fusion processes. The coefficients of these operators, with the pre-factor ~, 
could be measured at the LC (less likely at the LHC) to order 10~ 2 or 10 _1 . As will 
shown later, the pre-factor -r is suggested by the naive dimensional analysis p5| , and 
A is the cut-off scale of the effective theory. It could be the lowest new heavy mass 
scale, or something around Attv ~ 3.1 TeV if no new resonances exist below A. As a 
comparison, the coefficients of the NLO bosonic operators are usually determined to 
about an order of 10 _1 or 1 via VlVl — > VlVl processes [|lj, ^4}| . Hence, the scattering 



processes VlVl — > it, tb, oibi at high energy may be more sensitive for probing some 
symmetry breaking mechanisms than VlVl — > VlVl- 

This paper is organized as follows. In section 2 the general framework of the 
Electroweak Chiral Lagrangian is presented. In section 3 we make a systematic char- 
acterization of all the independent dimension 5 operators that are invariant under 
the symmetry of the gauge group. Section 4 deals with the CP properties of these 
interactions. In section 5 we make a general analysis of their potential contribution 
to the production cross section of top quarks according to their behavior at high en- 
ergies. A very useful simplification is made by considering an approximate custodial 
symmetry in our set of operators; this is discussed in section 6. Section 7 contains 
the analytical results for the amplitudes of various VlVl fusion processes; an approx- 
imate custodial symmetry is assumed here, but the general expressions can be found 
in Appendices B and C. Finally, in section 8 we discuss the values for the coefficients 
of these anomalous operators at which a significant signal can appear at both the 
LHC and the LC; also, we include an example of how one can measure possible CP 
violating effects coming from these operators. Section 9 has our conclusions. 

2 The ingredients of the Electroweak Chiral La- 
grangian 

We consider the electroweak theories in which the gauge symmetry G = SU(2) L x 



U(l) y is spontaneously broken down to H = U(l) em [|, |25], |26|, pTfl . There are three 
Goldstone bosons, a (a = 1,2,3), generated by this breakdown of G into H, which 
are eventually eaten by the W and Z gauge bosons and become their longitudinal 
degrees of freedom. 

In the non-linearly realized chiral Lagrangian formulation, the Goldstone bosons 
transform non-linearly under G but linearly under the subgroup H. A convenient 
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way to handle this is to introduce the matrix field 



E = exp i , (1) 

\ Va ) 

where r a , a = 1,2,3 are the Pauli matrices normalized as Tr(r a r fe ) = 25 a b- The 
matrix field E transforms under G as 

E^E'=^E^, (2) 

with 



9l = exp ( *— g— ) , (3) 

9r = exp(-z— ) , 

where a 1 ' 2 ' 3 and y are the group parameters of G. Because of the U(l) em invariance, 
V\ = v 2 = v in Eq. (|l|), but they are not necessarily equal to v 3 . In the SM, v is the 
vacuum expectation value of the Higgs boson field, and characterizes the scale of the 
symmetry-breaking. Also, v% = v arises from the approximate custodial symmetry 
present in the SM. It is this symmetry that is responsible for the tree-level relation 

p = M ^ =1 (4) 
P Mf cos 2 e w { ) 

in the SM, where 6w is the electroweak mixing angle, My/ and Mz are the masses 
of W and Z boson, respectively. In this paper we assume the underlying theory 
guarantees that vi = v 2 = v% = v. 

In the context of this non-linear formulation of the electroweak theory, the massive 
charged and neutral weak bosons can be defined by means of the composite field: 

W£ = — zTr(r a E t £> / ,E) (5) 

whereQ 

= (d„ - ig^W*) S . (6) 

Here, is the gauge boson associated with the SU(2) L group, and its transformation 
is 

T a W a _ T a w >a = ^ f ^ £ + j (?) 

where g is the gauge coupling. The D^Y, term transforms under G as 

-> = 9l (^E) gl + g L Hd^ R . (8) 

lr This is not the covariant derivative of E. The covariant derivative is 
= - ig^-W^ + ig'E^-B^, such that £> M E -> D^' = g L {D^)g^ R . 
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Therefore, by using the commutation rules for the Pauli matrices and the fact that 
Tr (AB) = Tv(BA) we can prove that the composite field will transform under G 
in the following manner: 

Wl^yV'l = W 3 „-d,y, (9) 

K -> w t = e±iy K > ( 10 ) 

where 

W± = /— . 11 
Also, it is convenient to define the field 

= g'B, , (12) 

which is really the same gauge boson field associated with the U(l) y group (g' is the 
gauge coupling). The field £> M transforms under G as 

B M -> = B„ + fyy . (13) 

We now introduce the composite fields Z^ and A^ as 

Z„ = Wl + B», (14) 

4A = ^-c^, (15) 
where s 2 = sin 2 and c 2 = 1 — s 2 ,,. In the unitary gauge (E = 1) 

w; = -<?w; , (i6) 

Z» = ~-Z, , (17) 



a 



w 



A, = -^A, , (18) 



s 2 



where we have used the relations e = gs w = g'c w , = c w Z^ + s w A^, and B^ = 
—SyjZ^ + CwA^. In general, the composite fields contain Goldstone boson fields: 

z, = -^-z, + -d^ - &(w+<r -w-4> + ) + 

C,„ V V M ^ 



2 



f 1> 

2 



t-^drf-tfd^) + •••, (20) 
where • • • denotes terms with 3 or more boson fields. 
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The transformations of Z^ and A^ under G are 

Z,^Z'^ = Z^ (21) 

A, - ^ = A„ - ^d,y . (22) 

Hence, under G the fields and ii^ transform as vector fields, but A^ transforms 
as a gauge boson field which plays the role of the photon field A^. 

Using the fields defined as above, one may construct the SU(2) L x U(l) y gauge 
invariant interaction terms in the chiral Lagrangian 

r B = - — yy a yv a ^ —B B' jy 

4g2 yV ^ yV 4^/2 D t"° 

2 2 

+ \KW-" + \z»Z» + ---, (23) 

where 

= d ^u - duW£ + e abc W%W c „ , (24) 

*V = dfjJ3 u - d v B„ , (25) 



and where . . . denotes other possible four- or higher-dimension operators p7 |. It is 
easy to show thatQ 

W; u r a = -gtfW^H (26) 

and 

W^W afiU = g 2 W* v W a ^ , (27) 

which does not have any explicit dependence on E. This simply reflects the fact 
that the kinetic term is not related to the Goldstone bosons sector, i.e. it does not 
originate from the symmetry-breaking sector. 

The mass terms in Eq. (|2"5|) can be expanded as 



2 2 i 

jW+W-^ + jZ^ = S/9^f + -^W 

2 2 2 2 

+ 9JL W + W n- + ^LZpZ" + .... (28) 

At the tree- level, the mass of W ± boson is Mjy = gv/2 and the mass of Z boson is 
M z = gv/2c w . 

Fermions can be included in this context by assuming that each flavor transforms 
under G = SU(2) L x U(l) y as 

/ -/' <" ,r -7. (29) 



Use W°T a = -2i£tD M £ , an d [r a ,T fc ] = 2ie abc T c 
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where Qf is the electric charge of /. (Qf — | for the top, and Qf = — | for the 
bottom quark.) 

Out of the fermion fields fx, fi (two different flavors) and the Goldstone bosons 
matrix field E, the usual linearly realized fields \I/ can be constructed. For example, 
the left-handed fermions [SU(2) L doublet] are 

—O.-^-Kji). (30) 

with Qf 1 — Qf 2 = 1. One can easily show that ^ l transforms linearly under G as 

*L-tti = g*j;, (31) 

where g = exp(i^^-)exp(i?/y) e G, and K = | is the hypercharge of the left handed 
quark doublet. 

In contrast, linearly realized right-handed fermions [SU(2) l singlet] simply 
coincide with Fr, i.e., 

"-(S).-*-(a).- 

With these fields we can now construct the most general gauge invariant chiral La- 
grangian that includes the electroweak couplings of the top quark up to dimension 
four H. 



£ (4) = itr(d» + i^AAt + ibj»(dv-i^AAb 



1 / 2s 2 \— s 2 — 

- ( -l + -f j b L rb L z, - -fb R7 % R z, 



—m t tt — mj)b . (33) 

In the above equation, the coefficients k^ c , Kj\ c , Kf] c , and k§ c parametrize possible 
deviations from the SM predictions ||. 

The constraints on the ac's from the LEP/SLC data and from the recent measure- 
ment on Br (b — ► S7) p8| , are given in Refs. f|] and f29|, respectively. (We shall come 
back to these constraints later in the section of Conclusions.) As mentioned in the 
Introduction, in this paper we are setting these k coefficients to be zero in which 
will be denoted as Cg M from now on. 
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In the next section we will construct the complete set of independent operators of 
dimension 5, such that the complete effective Lagrangian relevant to this work will 
be 

C eff = C B + 41 + , (34) 
where denotes the higher dimensional operators. 

3 Dimension five operators 

Our next task is to find all the possible dimension five hermitian interactions 
that involve the top quark and the fields W*, Z^ and A^. Notice that the gauge 
transformations associated with these and the composite fermion fields ( Eq. ( p9|) ) 
are dictated simply by the U(l) group. We will follow a procedure similar to the 
one in Ref. |3U|| , which consists of constructing all possible interaction terms that 
satisfy the required gauge invariance, and that are not equivalent to each other. The 
criterion for equivalence is based on the equations of motion (see Appendix A) and 
on partial integration. As for the five dimensions in these operators, three will come 
from the fermion fields, and the other two will involve the gauge bosons. To make a 
clear and systematic characterization, let us recognize the only three possibilities for 
these two dimensions: 

(1) Operators with two boson fields. 

(2) Operators with one boson field and one derivative. 

(3) Operators with two derivatives. 

(1) Two boson fields. First of all, notice that the A^ field gauge transformation 
( Eq. (|22| ) ) will restrict the use of this field to covariant derivatives only. Therefore, 
except for the field strength term A^ v only the Z and W fields can appear multiplying 
the fermions in any type of operators. Also, the only possible Lorentz structures are 
given in terms of g^ u and a^ v tensors. We do not need to consider the tensor product 
of 7^'s since 

$y=g^b v -ia^V . (35) 

Finally, we are left with only three possible combinations: 

(1.1) two Z^s, 

(1.2) two V\ys, and 

(1.3) one of each. 

Let us write down the corresponding operators for each case: 

(1.1) Since a^ v is antisymmetric, only the g^ u part is non-zero:f] 

O gZ z = i L t R Z^ + h.c. (36) 
3 In the next section we will write explicitly the h.c. parts. 
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(1.2) Here, the antisymmetric part is non-zero too: 



9WW = i L t R w;\V-» + h.c. (37) 
O aWW = t L ^ u t R W+W- + h.c. (38) 

(1.3) In this case we have two different quark fields, therefore we can distinguish 
two different combinations of chiralities: 

O gW zL(R) = i L{R) b R{L) W+Z» + h.c. (39) 
OvwzHR) = i L (R)^ v b R(L) W+Z u + h.c. (40) 



(2) One boson field and one derivative. The obvious distinction arises: 

(2.1) the derivative acting on a fermion field, and 

(2.2) the derivative acting on the boson. 

(2.1) From Eqs. (|22"D and (|29|) , the covariant derivative for the fermions is given 

byQ 

D lt f=(d lt + iQ f s 2 v ,A li )f, 

Dj = f(d»-iQfS 2 w A»). (41) 

Notice that it depends on the fermion charge Qf, hence the covariant derivative for the 
top quark is not the same as for the bottom quark; partial integration could not relate 
two operators involving derivatives on different quarks. Furthermore, by looking at 
the equations of motion we can immediately see, for example, that operators of the 
form fZftf or /('" p ))/V + jp f( down ) are equivalent to operators with two bosons, which 
have all been considered already. Following the latter statement and bearing in mind 
the identity of Eq. (^) we can see that only one Lorentz structure needs to be 
considered here, either one with a^ v or one with g^. Let us choose the latter. 

WDbL{R) = W +ll i L (R)D ll b R{L) + h.c. (42) 
OwDtR(L) = ^' l h(R)D II t R{L) + h.c. (43) 
Ozof = Zn L D^ R + h.c. (44) 

Of course, the A field did not appear. Remember that its gauge transformation pre- 
vents us from using it on anything that is not a covariant derivative or a field strength 
A 



To simplify notation we will use the same symbol for all covariant derivatives. Identifying 
which derivative we are referring to should be straightforward, e.g. in Eq. (ffl] ) is different from 
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(2.2) Since W transforms as a field with electric charge one, the covariant deriva- 
tive is simply given by (see Eq. (|I0D ): 



D»W+ = {d, + is 2 w A,)W+ 

D ] ^- = {d,-is 2 w A,)W- (45) 

Obviously, since the neutral Z field is invariant under the G group transformations 
[cf. Eq. (fnpi, we could always add it to our covariant derivative: 

Df%+ = {d, + is 2 w A fl + iaZ fl )W+ 

where a would stand for any complex constant. Actually, considering this second 
derivative would insure the generality of our analysis, since for example by setting 
a = (? w and comparing with Eqs. ( |i4|) and ( |i"5|) we would automatically include the 
field strength termP] 

K» = - Wtf ± itK^l ~ ™IK) = D l Z) W„ - DWYtf. (46) 

However, this extra term in the covariant derivative would only be redundant. We 
can always decompose any given operator written in terms of into the sum of 
the same operator in terms of the original plus another operator of the form 
OgwzL(R) or O a y\tz l(r) [cf. Eqs. fl39D and fl40( )1. Therefore, we only need to consider 



the covariant derivative (|45|) for the charged boson and still maintain the generality 
of our characterization. For the neutral Z boson, the covariant derivative is just the 
ordinary one, 

D„Z U = d,Z u . (47) 

The case for the A boson is nevertheless different. Being the field that makes 
possible the U(l) em covariance in the first place, it cannot be given any covariant 
derivative itself. For A, we have the field strength: 

A = 8 A - 8 A 

Finally, we can now write the operators with the covariant derivative-on-boson 
terms. Unfortunately, no equations of motion can help us reduce the number of 
independent operators in this case, and we have to bring up both the a^ v and the g^ v 
Lorentz structures. 

O aDZ = i L ^t R d^Z v + h.c. (48) 
O gDZ = i L t R d^ + h.c. (49) 
O aDWL{R) = i L{R) a^b R[L) D il W+ + h.c. (50) 
O g DWL(R) = h^bRiDD^W^ + h.c. (51) 
A = t L a» v t R A^ + h.c. (52) 



5 From Eqs. (|ll|) and @, we write W±„ = -^(W^ T 
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(3) Operators with two derivatives. 

As it turns out, all operators of this kind are equivalent to the ones already given 
in the previous cases. Here, we shall present the argument of why this is so. First of 
all, we only have two possibilities: 

(3.1) one derivative acting on each fermion field, and 

(3.2) both derivatives acting on the same fermion field. 

(3.1) Just like in the case (2.1) above, we first notice that an operator of the 

form / P Ipj can be decomposed into operators of the previous cases (1.1), (1.2) 
and (1.3) by means of the equations of motion. Therefore, we only have to consider 
one of two options, either D^f'a^ D v f , or D^fg^ u D u f . Let us choose the latter. By 
means of partial integration we can see that the term (d ti f)d ll f yields the same action 
as the term —fd^d^f, and we only need to consider the case in which the covariant 
derivatives act on the same /, which is just the type of operator to be considered next. 

(3.2) Again, by using the equations of motion twice we can relate the operator 
fppf to operators of the type (1.1), (1.2) or (1.3). Either fa^D^DJ, or fD^DJ 
needs to be considered. This time we choose the former, which can be proved to be 
nothing but the operator itself, i.e. Eq. fl52|). []. 

4 Hermiticity and CP invariance 

The above list of the dimension 5 operators is complete in the sense that it includes 
all non-equivalent dimension five interaction terms that satisfy SU(2) L x U(l) y gauge 
invariance. It is convenient now to analyze their CP properties. In order to make 
our study more systematic and clear we will re-write this list again, but this time 
we will display the added hermitian conjugate part in detail. By doing this the CP 
transformation characteristics will be most clearly presented too. 

Let us divide the list of operators in two: those with only the top quark, and those 
involving both top and bottom quarks. 

4.1 Interactions with top quarks only 

Let's begin by considering the operator O g zz- We will include an arbitrary constant 
coefficient a which in principle could be complex, then 

O g zz ~ at L t R Z^ + a*t R t L Z^ 

= Re{a)ttZ^ 1 + Imi^ii^tZ^ . 
6 This can be easily checked by applying the definition of in Eq. (|d|). 
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Our hermitian operator has naturally split into two independent parts: one that 
preserves parity (scalar), and one that does not (pseudoscalar). Also, the first part 
is CP even whereas the second one is odd. The natural separation of these two parts 
happens to be a common feature of all operators with only one type of fermion field. 
Nevertheless, not always will the parity conserving part also be CP even, as we shall 
soon see. 

Below, the complete list of all 7 operators with only the top quark is given. In 
all cases the two independent terms are included; the first one is CP even, and the 



second one is CP odd. They are: 

O gZZ = jRe{a zzl )itZ^ + ^Im(a zzl )it l5 tZ^, (53) 

O gWW = jRe(a wwl )itW+W^ + ^Im(a wwl )it l5 tW+W-^, (54) 

O aWW = ^Im{a ww2 )ii^ u tW+W; + ^Re(a ww2 )ta^ l5 tW+W;, (55) 

ZD f = jlmia^itD^ + ^Re(a zZ )i lb D^tZ^ (56) 

O gDZ = jlmia^it-ystduZ" + jRe(a z4 )itd^, (57) 

O aDZ = jRe(a z2 )ia^td^Z u + ^Imia^iia^td^, (58) 

A = -Re(a A )ta^tA^ + \lm{a A )ita lxv lb tA^. (59) 



Notice that in the operator O g oz the CP even part happens to be parity violating. 
This is because under a CP transformation a scalar term it remains intact, i.e. it 
does not change sign, whereas a pseudoscalar term i^t changes sign. Also, the gauge 
bosons change sign under C, which is what makes the scalar part of the 9 bz operator 
to change sign under CP. On the contrary, the operator O g zz contains two bosons; 
thus two changes of sign that counteract each other. Therefore, it is the scalar part 
of Ogzz that is CP even. In Table 1 we summarize in detail the discrete C, P and 
CP symmetries of the above operators. 

As for the size of these effective operators, based on the naive dimensional analysis 
(NDA) their coefficients are of order j^, where A is the cut-off scale of the effective 
theory. Therefore, the natural size of the normalized coefficients (the a's) is of order 
one. 
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4.2 Interactions with both top and bottom quarks 

Below, we show the next list of 12 operators with both top and bottom quarks.Q 
Again, we include an arbitrary complex coefficient a. They are: 

OgwzL(R) = j^ wzlL{R) i L ^ R) b R{L) W^Z^ + ^a* wzlL{R) b R ( L) t L{R) W~ Z^ , (60) 

OaWZL(R) = -^a W z2L(B)i L (R)^' / b RiL) W^Z u + ^al,^ R ^b R ( L )a^ti( R )W~Z u ,(61) 

OyvDbL(R) = ^a^ L{R) W + H L{R) D^b R ^ L ) + — a^ 3L(fi) W~ M Z}^ (L) i L (.R), (62) 
1 _ 1 

OwDtR(L) = ~^a W 3R(L)W ^bL^D^tjUL) + ^-a^3i?(L) W+/i - D M i R(L)^(^)' ( 63 ) 
O a DWL(R) = jra W 2L(R)tL(R)(T^b R ( L )D l j i Wj' + J^a* w 2L{R)bR{L)^ V tL{R) D^W~ 
OgDWL(R) = ^a W 4L(R)iL(R)b R (L)D^yV + ^ + ^wAL^RiL^L^D^W^ ■ (65) 

In this case, if a is real (a = a*) then 9 w^l(r) and O a E>WL{R) are both CP even, but 
O^wzLiR), WDbL ( R ), WD tR{L) and O gDWL {R) are odd. Just the other way around if 
a is purely imaginary [cf. Table 1]. 

The dimension five Lagrangian is simply the sum of all these 19 operators ( 
Eqs. (§§) to (§5|) ), i.e. 

C (5) = £ (66) 

8=1,19 

For the purpose of this study; to estimate the possible effects on the production 
rates of top quarks in high energy collisions, only the CP conserving parts, which 
give imaginary vertices (as the SM ones), are relevant. This is because the amplitude 
squared depends linearly on the CP even terms, but only quadratically on the CP 
odd terms, and the no-Higgs SM {Cg M ) interactions^] are CP even when ignoring the 
CP-violating phase in the CKM quark mixing matrix. 

However, this does not mean that we cannot probe the CP violating sector; as a 
matter of fact, later on in the section of Numerical Results we will show one observable 
that depends linearly on the CP odd coefficients. From now on, the appropriate CP 
even part (either real or imaginary) is assumed for each coefficient . To simplify 
notation we will use the same label; a zz \ will stand for Re(a zz i), a wz2 L(R) will stand for 
Im(a WZ 2L(R)) , and so on. The only exception will be 04, whose real part is recognized 
as proportional to the magnetic moment of the top quark, and will be denoted by 
a m . It is thus understood that all coefficients below are real numbers. 

In conclusion, the dimension 5 Lagrangian consists of 19 independent operators 
which are listed from Eq. ([53]) to Eq. Their eigenvalues under the C, P 

7 D ^Sr(l) stands for (• D M./fl(i)) t 7o; jfl(L) stands for (/ fi (L)) t 7o- 

8 Since in the unitary gauge C^ld reproduces the SM without the physical Higgs boson, we will 
refer to it as the no-Higgs SM. 
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and CP transformations are conveniently listed in Table |I[ Operators with top and 
bottom quarks (right hand side of the Table) , which are given in terms of the chiral 
components, are not eigenvectors of the C nor P transformations; therefore, only the 
CP eigenvalues are given. 

Since the top quark is heavy, its mass of the order of the weak scale, it is likely 
that it will interact strongly with the Goldstone bosons which are equivalent to the 
longitudinal weak gauge bosons in the high energy regime. In the rest of this paper, 
we shall study how to probe these anomalous couplings from the production of top 
quarks via the ViYl fusion process, where Vj, stands for the longitudinally polarized 
W or Z bosons. 



Operator 


C 


P 


CP 


Operator 


CP 


OgDZ 








+ 


OgDWL(R) 


iiL{R)b R{ L)D^W + ^ + h.c. 


+ 








+ 






tL(R)bR(L)D fJ W +fJ/ + h.C. 




OaDZ 


ta^td„Z u 


+ 


+ 


+ 


OaDWL(R) 


t L (R)^ u b R{L) D fl W+ + h.c. 


+ 




ita^ 5 td„Z v 


+ 








iiL{R)^ v bR { L)D^t + h.c. 




OzDf 


itD^tZ^ 


+ 


+ 


+ 


OyvDtR(L) 


iW-^LiRjD^L) + h.c. 


+ 






+ 








W-»b L{R) DJ R{L) + h.c. 




O gZZ 




+ 


+ 


+ 


OwDbL(R) 


iWtLwDpbRM + h.c. 


+ 




it^tZ^Z^ 


+ 








W + "t L(fl )^6 fl( L) + h.c. 






ttw+w-" 


+ 


+ 


+ 


OgWZL(R) 


i L{R) b R{L) w;z» + h.c. 


+ 






+ 








iiL{R)bR { L)W+Z» + h.c. 








+ 


+ 


+ 


OcrWZL(R) 


ii L (R)^ v b R{L) -W+Z u + h.c. 


+ 




ia^ 5 tW+W- 


+ 








t L ( R )<T^b R{L) W+Z v +h.c. 




A 




+ 


+ 


+ 












+ 













Table 1: The C, P and CP eigenvalues of all the dimension 5 operators. 



5 Probing the anomalous couplings 

In the following sections, we shall study the production rates of ti (tb or bt) from 
W^Wl or ZlZl {Wl Zl or W^Zl) fusion processes in the TeV regime for both the 
LHC and the LC. 

Before giving our analytical results (summarized in Appendices B and C), we 
shall estimate the expected sizes of these tree level amplitudes according to their high 
energy behavior. A general power counting rule has been given that estimates the 
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Figure 1: Production of tt (tb or bt) from the VlVl fusion process. 



high energy behavior of any amplitude T [31] as: 



D E0 = 2 + Y / Vn(d n + lf n -2) , D EL = 2L, 

n 2 

where D? = 4 — e = (e is the number of external lines, 4 in our case), Nq = for 
all dimension 4 operators and Nq = 1 for all dimension 5 operators based upon the 
naive dimensional analysis (NDA) [pql," L = is the number of loops in the diagrams, 
H(ln(E/fi)) = 1 comes from the loop terms (none in our case), e v accounts for any 
external t^-lines (none in our case of VlVl — > tt, ib)j^ V n is the number of vertices of 
type n that contain d n derivatives and /„ fermionic lines. The dimensionless coefficient 
ct contains possible powers of gauge couplings (g, g') and Yukawa couplings (yj) from 
the vertices of the amplitude T , which can be directly counted. 

One important remark about the above formula is that it cannot be directly 
applied to diagrams with external longitudinal Vl lines. As explained in Ref. |3jJ , 



a significant part of the high energy behavior from diagrams with external Vl lines 
is cancelled when one adds all the relevant Feynman diagrams of the process; this 
is just a consequence of the gauge symmetry of the Lagrangian. To correctly apply 
Eq. (|6"?D , one has to make use of the Equivalence Theorem, and write down the 
relevant diagrams with the corresponding would-be Goldstone bosons. Then, the 
true high energy behavior will be given by the leading diagram. (If there is more 
than one leading diagram, there could be additional cancellations). 

Let us analyze the high energy behavior of the Z^Zi — > tt process in the context 
of the dimension 4 couplings as defined in Eq. In Fig. |2| we show the 

9 NDA counts S as A , as and fermion fields as ^h^- Hence, W ± , Z and A are also 

counted as 4-. After this counting, one should multiply the result by v 2 A 2 . Notice that up to the 
order of intent, the kinetic term of the gauge boson fields and the mass term of the fermion fields 
are two exceptions to the NDA, and are of order A . 

10 is equal to — jj^, where is the momentum of the gauge boson with mass My and 
is its longitudinal polarization vector. 
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(a) (b) 1°) 

Figure 2: The corresponding Goldstone boson diagrams for ZlZl — ► ££, i.e. 0°</>° — ► 

corresponding Goldstone boson diagrams, i.e. — > ti. The (fP-t-t vertex contains 
a derivative that comes from the expansion of the composite fields [cf. Eq. fljjp ], and 
the associated (d n + \ f n — 2) factor is d n + ~/ n — 2 = 1 + ^2 — 2 = 0. This means 
D EQ = 2 for diagrams 0(a) and |](b); both grow as E 2 at high energies. The four point 
vertex for diagram |2j(c) can come from the mass term of the top quark or the second 
order terms from the expansion of Z^ in the effective Lagrangian. The (fP-cjP-t-t vertex 
that comes from the mass term m t tt does not contain any derivatives, hence the high 
energy behavior from this term goes like E 1 . The vertex that comes from the second 
order expansion of a term like t^tZ^ contains one derivative, and the corresponding 
amplitude 0(c) grows as E 2 in the high energy region. The conclusion is that diagram 
0(c) behaves like E 2 as well. Seeing that there is more than one leading diagram we 
can suspect that there may be additional cancellations. How can we then obtain the 
correct high energy behavior for the Goldstone boson scattering amplitudes? 

To answer this question let us use an alternative non-linear parametrization that 
is equivalent to Cg M (Eq. fl33|) with the k's equal zero), in the sense that it produces 
the exact same matrix elements ||, but with the advantage that the couplings of the 
fermions with the Goldstone bosons do not contain derivatives. We can rewrite the 
sum of C B [cf. Eq. (£2^)] and C^ M as: 

C SM = 41 + £ B = ^Lil»D L ^ L + ^ R i^D^ R - ($ L EM$ fi + h.c.) 

~\w; u W a ^ --B^BV + ^Ti(d^D^T) , (68) 

M = 

K = 

Here, Y = | is the hypercharge quantum number for the quark doublet, Qf is the 
electric charge of the fermion, is the linearly realized left handed quark doublet, 
and is the right handed singlet for top or bottom quarks [cf. Eqs. ( |30D and fl32|)l. 

As we shall see shortly, in the context of this Lagrangian there is one (and only 
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one) diagram with the leading high energy power. Hence, we do not expect any 
cancellations among diagrams and it is possible to correctly predict the high energy 
behavior of the scattering amplitude. Here is how it works: When we expand the S 
matrix field up to the second power [cf. Eq. (TO)] in the fermion mass term of Eq. (|68|), 
we will notice two things: (i) the first power term gives to the vertex (j) 3 -t-t, and 
associates the coefficient ct = m t /v to it; (ii) the second power term generates the 
four-point vertex [cf. Fig. 0(c)] with a coefficient ct = mf/v 2 associated to it. As it 
is well known, ait = inti + iitR term always involves a chirality flip, therefore we 
readily recognize that this four-point diagram will only participate when the chiralities 
of the top and anti-top are different. As E ^> m t , different chiralities imply equal 
helicities for the fermion-antifermion pair. Hence, for the case of opposite helicities 
we only count the power dependance for diagrams 2(a) and 2(b), and take the highest 
one. For final state fermions of equal helicities we consider all three diagrams. 

The results are the following: for diagrams 2(a) and 2(b) we have Deo — 2 + 
(— 1) + (—1) = , thus the amplitude T± T is of order m 2 /v 2 (if there are no addi- 
tional cancellations); which is the contribution given by the coefficients ct from both 
vertices. On the other hand, diagram 2(c) has Deo — 2 — 1 = 1; the equal helicities 
amplitude T±± will be driven by this dominant diagram, therefore T±± = m t E/v 2 . 

For the other processes; W^W^ — > ti and W£ Zl — > tb, the analysis is the same, 
except that there is an extra s-channel diagram [cf. Figs. |] and [5[] whose high 
energy behavior is similar to the diagrams 0(a) and 0(b). Also, for the amplitude of 

Zl — > tb no four-point diagram 0(c) is generated; this means that its high energy 
behavior can at most be of order m 2 /v 2 as given by diagrams 0(a) and 0(b). 

In conclusion, in order to estimate the high energy behavior of the ViYl —>tt, tb 
process, one has to write down the relevant diagrams for 00 — > ti , tb and then apply 
the power counting formula given in Eq. fl67l) . If more than one diagram have the 
same leading power in E then one can suspect possible additional cancellations. This 
is the case for the dimension 4 non-linear chiral Lagrangian Cg M (Eq. ( |33D with k's 
equal to zero), for which all three diagrams @(a), (b) and (c) grow as E 2 at high 
energies. Another gauge invariant Lagrangian for £^2/ + £ B * s given in Eq. (|68|) 
which gives the same matrix elements for any physical process, but does not have the 
problem of possible cancellations among the Goldstone boson diagrams. With this 
Lagrangian the power counting formula predicts a leading E 1 behavior for 0°0° — > ti 
or + 0~ — > ti (which originates from the four-point couplings that contributing to 
the diagram 0(c)), but only E° power for ± 0° — > tb or bi (which does not have the 
diagram similar to 0(c)). This is verified in Appendix B. 

Notice that, in general, if the dimension 4 anomalous couplings k's are not zero, 
then there is no reason to expect any cancellations among the Goldstone boson dia- 
grams. As a matter of fact, the calculated leading contributions from these coefficients 
are of order E 2 and not E 1 [cf. Appendix B]Q 

11 This is related to the fact that non-zero anomalous k terms break the linearly realized SU(2)l x 
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For the dimension 5 anomalous operators we do not suspect a priori any can- 
cellations at high E among Goldstone boson diagrams, therefore we expect the 
parametrization used for our effective operators to reflect the correct high energy 
behavior. Actually, the chiral Lagrangian parametrization given by Eq. fl34|), which 
organizes the new physics effects in the momentum expansion, is the only framework 
that allows the existence of such dimension 5 gauge invariant operators. On the 
other hand, we know that as far as the no-Higgs SM contribution to these anomalous 
amplitudes is concerned, the correct high energy behavior is given by the equivalent 
parametrization of Eq. (|68|). We will therefore use the appropriate couplings from 
Csm and £® in our next power counting analysis. Also, we are neglecting contribu- 
tions of order 1/A 2 , which means that in diagrams ||](a) and |2|(b) only one vertex is 
anomalous. 

Given one dimension 5 operator, it either involves two boson fields (four-point 
operator), or one boson field and one derivative (three-point operator). Let us discuss 
four-point (4-pt) operators first. 

There are three kinds of 4-pt operators: Ozz, Oyvw and Oy\>z- Each of them 
contributes to the Z L Z L , W^W^ and W^Z L fusion processes separately. After ex- 
panding the composite boson fields Z and W ± [cf. Eqs. (|T9|) and (p0[)1, we find that 
the terms -^d^duCp 3 , ^■9 A1 + 9y0~ and -^d^^d^cj) 3 will contribute to a diagram 
of type 0(c) in each case. Therefore, in the power counting formula fl6"T|), d n = 2, 
ct = 4:ao and Deo — 2 + (2 + 1 — 2) = 3, which means that 

T~4a ^(f) 3 (69) 

for all these 4-pt operators. 

Let us discuss the case of 3-pt operators by considering one operator in particular: 
OzDf- This analysis will automatically apply to all the other six 3-pt; three with the 
neutral Z^ boson, Ozd/, O g oz and O a Dz] and three with the charged boson, 
OwDt, OgDw and O^cw- Using the expansions of the composite fields we obtain: 

a z3 iid^tZ» = - -?-a z3 i$ t d^ t Z» + -a z3 U t d^ t d^ 3 (70) 



+ 



Where ip t (ipb) denotes the usual linearly realized top (bottom) quark field. There are 
more terms in Eq. (|70|) that participate in the Goldstone boson diagrams of interest, 
but the ones shown are sufficient for our discussion. Notice that the first two terms 
on the right hand side of Eq. ( |70|) contribute to 3-pt vertices, the first one is for 
the coupling of the top quark with the usual vector boson field (the only non-zero 



U(l)y gauge symmetry in the interaction part of Eq. (p8[). Notice that the k terms respect this 
gauge symmetry only non-linearly. 
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term in the unitary gauge); the second one represents the vertex of Ozd/ that enters 
in diagrams 0(a) and 0(b) for <p 3 <f) 3 — > tt, or in a u- channel diagram like 0(b) for 
<f) + <f) 3 — > tb. The rest of the expansion contains vertices with two or more boson 
fields. In Eq. ([T(]), we also show some of the 4-pt vertices generated by Ozd/, which 
dominate the contribution of this operator to the VlVl fusion processes in the high 
energy regime. The last term, ?/^<9 At '?/>t(0~<9 At + — + <9 M _ ), comes from the second 
order term in the expansion of Z^ [cf. Eq. (0)], and is responsible for the high energy 
behavior of the s-channel diagram for W^W£ — * tt [cf. Fig. |J. We can infer that the 
other two 3-pt operators with the Z^ field can also contribute to all the VlVl fusion 
processes. However, because of the relation = for the on-shell external boson 
lines, the contributions of O g L>z and O a oz vanish for Z L Z L — > tt and WlZl — > tb. 

Notice that the expansion for in Eq. ( p0|) does not contain any term with (f) 3 
alone; hence, no operator with the field can participate in the process Z L Z L — > tt 
at tree level. Except for this, the analysis on Ozdj applies equally to the operators 
with VVj. However, the contributions of 9 dw and O a ow on the process W E W£ — > tt 
vanish because of the relation e M p M = for the on-shell external boson lines. 

The analysis on the high energy behavior of the contributions from OzDf to the 
scattering process ZlZl — > tt is similar to the previous one for the no-Higgs SM, in 
which we observed a distinction between the T± T and T±± amplitudes. The anomalous 
vertices generated by this operator contain two derivatives, thus (d n + \f n — 2) = 1. 
Then, D E0 = 2 + 1 + (—1) = 2 for the first two diagrams 0(a) and 0(b), and T± T is 
of expected to be of order 



Comparing with the estimate for 4-pt operators [cf. Eq. fl69|) 1 we can observe that the 
only difference is in the coefficient cy associated to them; for the three-point operator 
(170|) ct = 2ao, and for a four-point operator is twice as much.0 

Other possible contributions that vanish have to do with the fact that sometimes 
an amplitude can be zero from the product of two different helicities of spinors. For 
instance, by performing the calculation of the amplitudes in the CM frame we can 
easily verify that the spinor product u[X = ±l]v [A = =pl] vanishes for all tt, tb and 
bt processes. This means that contributions from operators of the scalar-type, like 

12 This difference in ct may be related to the fact that four-point operators tend to give a bigger 
contribution to the helicity amplitudes [cf. Eqs. ( |S2| ) and (|8|), for example]. 
13 it[A = +1] denotes the spinor of a quark with right handed helicity. 




On the other hand, diagram 0(c) comes from the first 4-pt term in Eq. fl70l). Thus, 
we have (d n + |/„ — 2) = 1, D E0 = 2 + 1 = 3, and the predicted value for T±± is 
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O g wzL(R), Ogzz, O gWW , OzDf, and OyvDtR(L) will vanish for T± T amplitudes in the 
s-channel and the four-point diagrams. 

Furthermore, the relation = applies to all the external on-shell boson lines; 
this makes the contribution of operators with derivative on boson, such as O g oz (our 
third case) and 9 dwl(r), to vanish in the t- and u-channel diagrams. In principle, 
one would think that the exception could be the s-channel diagram. Actually, this is 
the case for the operator O g DWL{R) which contributes significantly to the single top 
production process Zl —>■ tb via the s-channel diagram [cf. Table ||. However, 
for the Og£>z operator even this diagram vanishes; as can be easily verified by noting 
that the Lorentz contraction between the boson propagator —g^ v + k^k v /M^ and the 
tri-boson coupling is identically zero in the process W^W£ — > it. Therefore, for the 
OgDZ operator all the possible diagrams vanish. 

In Tables ||, |3|, and [| we show the leading contributions (in powers of the CM 
energy E) of all the operators for each different process; those cells with a dash mean 
that no anomalous vertex generated by that operator intervenes in the given process, 
and those cells with a zero mean that the anomalous vertex intervenes in the process 
but the amplitude vanishes for any of the reasons explained above. 



Process 


r (4) 
L -SM 


OgZZ 

a zzl x 


OgWW 




OgWZL(R) 

dwzlL{R) X 


OaWZL(R) 
dwz2L(R) X 


z L z L -> tt 


m t E/v 2 


E :i /v 2 A 










W£W£ -> tt 


m t E/v 2 




E 3 /v 2 A 


E 3 /v 2 A 






W+Z L -> tb 


m 2 /v 2 








E 3 /v 2 A 


E 3 /v 2 A 



Table 2: The leading high energy terms for the 4-point operators. 



Process 


r (4) 
'-SM 


OzDf 

a 2 3X 


OyvDtR 

dw3R x 


OwDtL 

0-w3L>< 


z L z L -> tt 


m t E/v 2 


E 3 /v 2 A 






wtwi -> tt 


mtE/v 2 


E 3 /v 2 A 


E 3 /v 2 A 


m b E 2 /v 2 A -> 


W£Z L -> tb 


mf/v 2 


E 3 /v 2 A 


E 3 /v 2 A 


E 3 /v 2 A 



Table 3: The leading high energy terms for the operators with derivative-on-fermion. 



In conclusion, based on the NDA |25] and the power counting rule [31]], we have 
found that the leading high energy behavior in the VlYl it or tb scattering am- 
plitudes from the no-Higgs SM operators {&sm) can on ly grow as (for T ++ or 
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Process 


r (4) 


OgDZ 

a z4 x 


O g DWL(R) 


OcrDZ 

a 2 2X 


OcrDWL(R) 


A 

a m x 


z L z L -> tt 


m t E/v 2 














WfWl -> tt 


m t E/v 2 








E 3 /v 2 A 





E 3 /v 2 A 


V^Zi -> i& 


m 2 /v 2 





E 3 /v 2 A 





E 3 /v 2 A 





Table 4: The leading high energy terms for the operators with derivative-on-boson. 

T ; E is the CM energy of the top quark system), whereas the contribution from the 

dimension 5 operators (C^) can grow as in the high energy regime. Let us com- 
pare the above results with those of the VlVl — > VlVl scattering processes. For these 
VlVl — > VlYl amplitudes the leading behavior at the lowest order gives and the 
contribution from the next-to-leading order (NLO) bosonic operators gives jz^t |311. 



This indicates that the NLO contribution is down by a factor of in VlVl ~~ > VlVl- 
On the other hand, the NLO fermionic contribution in VlVl — > tt or tb is only down 
by a factor which compared to turns out to be bigger by a factor of ^- ~ 4\/27r 
for A ~ 4ttv .0 Hence, we expect that the NLO contributions in the VlVl — > tt or tb 
processes can be better measured (by about a factor of 10) than the VlVl — > VlVl 
counterparts for some class of electroweak symmetry breaking models in which the 
NDA gives reasonable estimates of the coefficients. 

As will be shown later, the coefficients of the NLO fermionic operators in can 
be determined via top quark production to an order of 10 -2 or 10™ 1 . In contrast, the 
coefficients of the NLO bosonic operators are usually determined to about an order 
of 1CT 1 or 1 [2T], via VlVl — > VlVl processes. Therefore, we conclude that the 
top quark production via longitudinal gauge boson fusion VlVl — > tt, tb, oibt at high 
energy may be a better probe, for some classes of symmetry breaking mechanisms, 
than the scattering of longitudinal gauge bosons, i.e. VlVl — > VlVl- 

In the following section we shall study the production rates of it pairs and single-t 
or single-t events at future colliders like LHC and LC. We will also estimate how 
precisely these NLO fermionic operators can be measured via the VlVl — > it, tb, or bi 
processes. To reduce the number of independent parameters for our discussion, we 
shall assume an approximate custodial SU(2) symmetry, so that the set of 19 inde- 
pendent coefficients will be reduced to 6 and given by a zz \, a z2 , a Z 3, a Z 4, a WW 2, and 
a m . However, for completeness we also give the leading high energy contributions of 
the helicity amplitudes for Z L Z L -> tt, W£W^ -> it, W^Z L -> tb and W£ Z L -> bi 
in Appendices B and C. 



m t A — M< 4 > 

M< 4 ) and are the LO and NLO amplitudes, respectively. 



14 For an energy E of about A/4 or more this factor -^-r = is actually greater than one. 
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6 Underlying custodial symmetry 



Here, we shall consider a special class of models of symmetry breaking for which 
an approximate underlying custodial symmetry is assumed as suggested by the 
low energy data Q. 

In addition to the gauge symmetry, the SM has an approximate global symmetry 
called the custodial symmetry which is responsible for the tree-level relation p ~ 1 
[cf. Eq. (fD]. Actually, this symmetry is broken by the hypercharge (g') and the mass 
splitting {m t ^ mb), but only slightly, so that p remains about one at the one loop 
level. After turning off the hypercharge coupling (i.e. set s w — 0), one can easily 
verify that the global SU(2)l x SU(2)r symmetry is satisfied for the dimension 4 
Lagrangian /I^f-Q The fermion-gauge boson interactions are described by 

^custodial) = JT-^ f _ I>V« r « ^ Fl ; (71) 



with the left handed doublet 



7 



defined in Eq. (|30|). 



(72) 



Notice that the only SU (2) structure that satisfies the custodial symmetry is the 
one given above. If we want to introduce an anomalous interaction that satisfies this 
symmetry, we must conform to this structure. For example, let us consider the case 
of the operators with derivative on boson O g oz and 9 dwl(r), then we write:Q 

KF- L g^d,W a v r a F R + h.c. = tftsT ( ^ W ^ Fr + h , c , . (73) 

As we can see, if we want our dimension 5 terms to obey this global SU(2)l x 
SU(2)r symmetry, we have to introduce the same anomalous interactions of the top 
quark to the much lighter bottom quark. Let us consider the case of an underlying 
global SU{2) L x SU{2) R symmetry that is broken in such a way as to account for a 
negligible deviation of the b-b-Z vertex from its standard form. Since the top quark 
acquires a mass much heavier than the other quarks' masses, we expect the new 
physics effects associated with the electroweak symmetry breaking (EWSB) sector to 
be substantially greater for the couplings (to the gauge bosons) of this quark than for 
the couplings of all the others (including the bottom quark). Therefore, it is probable 
that the underlying theory of particle physics respects the custodial symmetry, and 
the EWSB mechanism introduces an effective interaction that explicitly breaks this 

15 To verify this, we just need to use the transformation rules E — > S = LY*R) and Fl — > F L = 
RFl, where L and R are group elements of the global SU(2)l and SU(2)r symmetries, respectively. 

16 For the purpose of this discussion we can replace by <9 M . 
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symmetry in such a way as to favor the deviation of the couplings of the top quark 
more than the deviation of the other light quarks' couplings. 

By adding the two possible breaking terms to this operator,^ we obtain the ef- 
fective dimension 5 Lagrangian as: 

£ (5de^) = ^r L g^d^ a v T a F R + K^""^^ 8 ^ + K 2 F~ L g^ '^tV Fr 

+ h.c. (74) 

\ V2(k -ki + n 2 )d,W- (-K + m + K 2 )d,Wl J ^ 
where, in order to obtain a vanishing b-b-Z coupling, we require 

K = Ki + K 2 . (75) 

Also, to simplify the discussion we assume K\ — k 2 , and the conclusion is that in 
order to keep the couplings b-b-Z unaltered we have to impose the condition 



a 



v / 2a w ( 2 ,3,4)L(i?) (76) 



2(2,3,4) = M la 

to all the operators with derivatives. 

The case for 4-point operators (contact terms) is somewhat different. The custo- 
dial Lagrangian in this case is of the form: 



Apt. -p - ( w^ 3 + zw+w- o \ 

19 I W^W" 3 + 2W+W ti - / R 



+^ F-a^ ( 2 ^K^ ^ F (77) 

and for the breaking terms we can consider: 

^contact) = cT ( K^ 2 f FrT* W^W^Fl + * TEW^T* V\%T b T 3 F R 



c=g,a 

Apt- ;„ JW» 



+ k£ -FWy a T 3 WyF ) , (7* 



where k 2 c ' is complex and k 3 c ' is real. As it turns out, in order to set the anomalous 
couplings of the bottom quark equal to zero, we have to choose k^*' = 0, and k 2 *' 
real and half the size of k^' (i.e. k^' = 2k 2 *' for c = g,a). The non-standard 
4-point dimension 5 interactions will then have the structure 



c^W 3 W 3 + 2d u 'W+W- 




(79) 



17 Another term could be F^g^ v d ^W^t 0, t 2, Fr, which contains two symmetry breaking factors 
t 3 and will not be considered in this work. 
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where is either g^ v or a^. This structure suggests 2a zz i = a ww \, and cl wz il(r) = 
a wz2L{R) = for &" v equal to g^ v . For &- v equal to <r Atiy , it suggests that a ww2 can be 
of any value. 

In conclusion, by assuming the dimension 5 operators are the result of an un- 
derlying custodial symmetric theory that is broken in such a way that at tree level 
the Z-b-b coupling does not get modified from its SM values, we derive the following 
relations among the coefficients of these anomalous couplings. They are: 

%(2,3,4) = V / 2a, iI ( 2l 3,4)L(K) , 

2a zz \ = a ww i , (80) 

a wzlL(R) = 0"wz2L{R) = . 

After including the hypercharge interactions, we can see that the set of independent 
coefficients has reduced from a total of 19 down to 6 only. These coefficients are 
a 2 (2,3,4), a zz i,a ww2 and a m (for the operator O a ). 

7 Amplitudes for Z L Z L , W L W L , and W L Z L fusion 
processes 

Below, we present the helicity amplitudes for each ViYl fusion process. We shall 
only consider the leading contributions in powers of E, the CM energy of the VlVl 
system, coming from both the no-Higgs SM (i.e. Cglf) and the dimension 5 operators. 
For the latter, we assume an approximate SU(2) custodial symmetry, as discussed in 
the previous section, so that only 6 independent coefficients are relevant to our dis- 
cussion. For completeness, in Appendices B and C we provide the helicity amplitudes 
for the general case (without assuming a custodial symmetry). 

7.1 Z L Z L -> it 

Fig. |3| shows the diagrams associated to this process. The total amplitude T is 
the sum of the Cg M contribution (denoted by zz), and the contribution (denoted 
by azz). In diagrams with two vertices, only one anomalous vertex is considered at 
a time, i.e. we neglect contributions suppressed by 1/A 2 . We denote the helicity 
amplitudes by the helicities of the outgoing fermions: the first (second) symbol (+ 
or — ) refers to the fermion on top (bottom) part of the diagram. A right handed 
fermion is labelled by '+', and a left handed fermion by '— '. For instance, 

T zz++ = zz ++ + azz ++ , (81) 
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Figure 3: Diagrams for the ZZ —>■ tt process. 



is the £^2/ contribution, and azz 



where zz + 

helicity amplitude T{Z L Z L 
for the other two processes. 

The leading contributions to the Z^Z^ 



is the anomalous contribution to the 
t mght- handedi Right- handed) ■ The same notation is used 



Tzz++ 

T zz -\ — 



— T 

- L zz— 

T zz — (. 



•> tt helicity amplitudes are: 
m t E 2E 3 X 



A 



2 m? c e s e 



4c i m 1 , Q 2 

£2 ~<~ b e 



+ 



\2) 



where 



X 



+ 



4 



a Z 3 



3) 



.2 3 

and E = y/s is the CM energy of the VlVl system. 

Comparing with the results for W^W£ and W^Zl fusions, this is the amplitude 
that takes the simplest form with no angular dependance. Also, for this process the 
assumption of an underlying custodial symmetry does not make the anomalous con- 
tribution any different from the most general expression given in Appendix C. This 
means that new physics effects coming through this process can only modify the S- 
partial wave amplitude (at the leading order of E 3 ). Notice that at this point it is 
impossible to distinguish the effect of the coefficient a zz i from the effect of the coeffi- 
cient a Z 3. However, in the next section we will show how to combine this information 
with the results of the other processes, and obtain bounds for each coefficient. The 
reason why azz± T appear as zero is explained in Appendix C. 



7.2 W£W L -> tt 

The amplitudes of this process are similar to the ones of the previous process except 
for the presence of two s-channel diagrams (see Fig. whose off-shell 7 and Z 
propagators allow for the additional contribution from the magnetic moment of the 
top quark (a m ) and the operator with derivative on boson O a oz (o, z2 ). Since these 
two operators are not of the scalar-type, we have a non-zero contribution to the 
T ±T amplitudes. Throughout this paper, the angle of scattering 6 in all processes is 
defined to be the one subtended between the incoming gauge boson that appears on 
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Figure 4: Diagrams for the WW — > tt process. 

the top-left part of the Feynman diagram (W + in this case) and the momentum of 
the outgoing fermion appearing on the top-right part of the same diagram (t in this 
case); all in the CM frame of the V L V L pair. 

The leading contributions to the various helicity amplitudes for this process are: 

rp _ T _ mE_ 4E 3 (X 1 + X m c e ) 

-L WW + + -L WW 9 9*' 

v v A A 



2m 2 t s e 8E 2 (X m -\a z3 ) 



T„_ + = + %ms» — ~ ^ , (84) 
ir A 

where sg = sin 9, eg = cos 9, and 

X\ = a zzl + -a z3 , 

X m = a m — -a z2 + -a Z 3 + -y&ww2 ■ (85) 

Notice that the angular distribution of the leading contributions in the T±± am- 
plitudes consists of the flat component (S-wave) and the d\ Q = cos 9 component 
(P-wave). The T ±=F helicity amplitudes only contain the d\ ±1 = — compo- 
nent. This is so because the initial state consists of longitudinal gauge bosons 
and has zero helicity. The final state is a fermion pair so that the helicity of 
this state can be —1, 0, or +1. Therefore, in high energy scatterings, the anoma- 
lous dimension 5 operators only modify (at the leading orders E 3 and E 2 ) the 
S- and P-partial waves of the scattering amplitudes. We also note that, as ex- 
pected from the discussion in section 5, aww±± has an E 3 leading behavior, whereas 
aww± T goes like E 2 . Furthermore, the Cg^ amplitudes are of order m t E/v 2 for 
ww±±, and m 2 /v 2 for is proportional to m^jv 2 and is taken as 
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Figure 5: Diagrams for the WZ — > tb process. 



zero.) To calculate the event rate, we need to sum over four helicity amplitudes 



squared, and | T ±± ±T | 



WW 



±±± T + 2w;«;±± ) ±= F aww±± t ± T + 0(1/ A). Because 



| ww± T aww± T | ~ ^ | ww±± aww±± | , the amplitude squared | T± T | is only a few 

i 1 2 i 1 2 

percent of the value of | T±±\ for E ~ 1 TeV. Thus, | T± T | will not contribute 
largely to the total event rate, provided the coefficients of the dimension 5 operators 
are of order one. 

7.3 W£Z L -»• tb 

Finally, we have the amplitudes for the single-top quark production process W + Z — > 
tb (which are just the same as for the conjugate process W~Z — ► bt). Fig. [5] shows 
the diagrams that participate in this process. 

The leading contributions to the various helicity amplitudes for this are: 18 



T, 



V2ml (1 



V2E 3 (X 2 + c e X 3 ) 



wzt-\ — h 



2m'{ 



Av 2 
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T wz t- 



wzt-\ — 
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V2E 3 ((4s* a z4 + §4 - 1) + (a z3 - Ac 2 w a z2 )ce) 
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V2E 2 
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-m t s e 



(a z3 + Ac 2 w a z2 ) 



Av 2 1 A 
^/2m 2 sq 
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2rn* 
E 2 
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. 2m? \ 

c 8 + -et)v 1 



3V2E 2 
Av 2 



A 



56) 



where 



Xo 



v 1 + ~s w )az3 - 4s w a 



Z'l 



18 , 



As shown in Eq. (JSC]), for models with this approximate custodial symmetry, a wz \L(R) 
a*wz2L(R) — 0, so that the 4-point vertex diagram of Fig. |5|(d) gives no contribution. 
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X 3 = a Z 3 + 4:C 2 w a z2 , 
4 

Xt = a z3 - -c 2 w a z2 . (87) 

The anomalous amplitudes awzt and awzt^ can be ignored in our analysis. 

The reason is because the amplitudes wzt and wzt + _ are zero, which means 

that, when we consider the total helicity amplitudes squared, they turn out to be 

of order 1/A 2 . This is why only awzt ++ and awzt |_ are presented in terms of the 

parameters X 2 , X 3 and X 4 , each parameter associated to a different partial wave. 



8 Numerical Results 



8.1 Top quark production rates from VlVl fusions 

As discussed above, the top quark productions from VlVl fusion processes can be 
more sensitive to the electroweak symmetry breaking sector than the longitudinal 
gauge boson productions from VlVl fusions. In this section we shall examine the 
possible increase (or decrease) of the top quark event rates, due to the anomalous 
dimension 5 couplings, at the future hadron collider LHC (a pp collider with yfs = 14 
TeV and 100 fb _1 of integrated luminosity) and the electron linear collider LC (an 
e~e + collider with */s = 1.5 TeV and 200 fb _1 of integrated luminosity). 

To simplify our discussion, we shall assume an approximate custodial symmetry 
and make use of the helicity amplitudes given in the previous section to compute 
the production rates for tt pairs and for single-t or t quarks. We shall adopt the 
effective- W approximation method ||, [33j, and use the CTEQ3L |34| parton distri- 



bution function with the factorization scale chosen to be the mass of the P^-boson. 
For this study we do not intend to do a detailed Monte Carlo simulation for the 
detection of the top quark; therefore, we shall only impose a minimal set of cuts on 
the produced t or b. The rapidity of t or b produced from the VlVl fusion process 
is required to be within 2 (i.e. \y t,b \ < 2) and the transverse momentum of t or b is 
required to be at least 20 GeV. To validate the effect ive-W approximation, we also 
require the invariant mass Myy to be larger than 500 GeV. 

Since we are working in the high energy regime E ^> v, the approximation made 
when we expand the VlVl — > tt or tb scattering amplitudes in powers of E and keep 
the leading terms only, becomes a very good one. As noted in the previous section, in 
all the T±± amplitudes, the dimension 5 operators will only modify the constant term 
(S-wave) and the cos# (P-wave: djo) dependence in the angular distributions of the 
leading E 3 contributions, whereas all the T± T amplitudes have a sin# (P-wave: e?o±i) 
dependence in their leading E 2 contributions. Each of the effective coefficients, X, 
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Figure 6: Number of events at the LHC for Z^Z^ fusion. The variable X is defined 
in Eq. (§3]). 

Xi, X m , X 2 , X 3 and X 4 , parametrizes the contribution to one of the partial waves-p 9 ] 
Since contributions to different partial waves do not interfere with each other, we can 
make a consistent analysis by taking only one coefficient non-zero at a time. 

The predicted top quark event rates as a function of these coefficients are given 
in Figs. H [7| and || for the LHC, and in Figs. §, [lC] and |ll| for the LC. In these plots, 
neither the branching ratio nor the detection efficiency have been included. 

For X = 0, the LHC results show that there are in total about 1500 it pair and 
single-t or t events predicted by the no-Higgs SM. The W^W£ fusion rate is about a 
factor of 2 larger than the ZlZl fusion rate, and about an order of magnitude larger 
than the W^Zl fusion rate. The W£ Zl rate, which is not shown here, is about a 
factor of 3 smaller than the Wl Zl rate due to smaller parton luminosities at a pp 
collider. It will be challenging to actually detect any signal from these channels at the 
LHC due to the considerable amount of background in this hadron-hadron collision. 
What we can learn from Fig. ^ is that, with a production of about 900 events and 
the large slope of the W^W[ — > it curve, this process might be able to probe the 
anomalous coupling (Xi). 

For the LC, because of the small coupling of Z-e-e, the event rate for ZlZl — > tt 
is small. For the no-Higgs SM, the top quark event rate at LC is about half of that 
at the LHC and yields a total of about 550 events (tt pairs and single-t or t). Again, 
we find that the W^W£ — > tt rate is sensitive to the dimension 5 operators that 

19 In W^Wl — * it, X m contributes to both P-partial waves. 
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Figure 7: Number of events at the LHC for W^W L fusion. The variable X stands 
for the effective coefficients X\ and X m defined in Eq. (jB5|). 
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Figure 8: Number of events at the LHC for W^Z^ fusion. The variable X stands 
for the effective coefficients X 2 , X 3 and X 4 defined in Eq. fl8"7p. 



31 




-1 -0.5 0.5 1 

X 



Figure 9: Number of events at the LC for Z^Z^ fusion. The variable X is defined 
in Eq. fl83|). 
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Figure 10: Number of events at the LC for W^W L fusion. The variable X stands 
for the effective coefficients X 1 and X m defined in Eq. (^). 
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Figure 11: Number of events at the LC for W^Z^ fusion. The variable X stands for 
the effective coefficients X 2 , X 3 and X± defined in Eq. flgT|) . 



correspond to X 1; but the Z L Z L — > it rate is much less sensitive.^ 

The production rates shown in Figs. [| [Tl] and [TTj are for an unpolarized e~ beam 
at the LC. Because the coupling of the W boson to the electron is purely left handed, 
the parton luminosity of the W boson will double for a left-handed polarized e~ beam 
at the LC; hence, the it rate from W^W£ fusion will double too. However, this is not 
true for the parton luminosity of Z because in this case the Z-e-e coupling is nearly 
purely axial- vector (1 — ps 0) and the production rate of Z L Z L — > it does not 
strongly depend on whether the electron beam is polarized or not. As shown in these 
plots, if the anomalous dimension 5 operators can be of order 10 _1 (as expected by 
the naive dimensional analysis) then their effect can in principle be identified in the 
measurement of either ZlZl or W^W£ fusion rates at the LC. similar conclusion 
holds for the W^Zl fusion process, but with less sensitivity. 

From the six independent coefficients, a z (2,3,4), a>zzi, a WW 2 and a m , one stands out: 
a zz \. The two most potentially significant parameters X and X\ depend essentially 
on just this coefficient [cf. Eqs. flB3|) and (j85|)]. This suggests that a good test for 
the possible models of EWSB is to calculate their predictions for the sizes of the 
four point operators O g zz and 9 ww because these are more likely to produce a 
measurable signal at either the LC or the LHC. The second better test could be the 
magnetic moment a m because this coefficient gives the largest contribution to X m [cf. 
Eq. Q85p], and Figs. |7| and [LT] show that this parameter can be measured as well. 



2D 



Needless to say, the W L Zl rate is the same as the W^Zl rate at an unpolarized 



LC 



21 Specifically, for anomalous coefficients of order 10 
SM event rates. 



there is a 2a deviation from the no-Higgs 
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It is useful to ask for the bounds on the coefficients of the anomalous dimension 5 
operators if the measured production rate at the LC is found to be in agreement with 
the no-Higgs SM predictions (i.e. with A = 0). In order to simplify this analysis for 
the parameter X m , we have made the approximation aww + - ~ ^rra t sg^] notice 
that the anomalous contribution aww + - to the total amplitude squared is smaller by 
a factor of m 2 /E 2 than the contribution from aww±± [cf. end of section 7.2]. 

At the 95% CL. we summarize the bounds on the A's in Table ||. Here, only 
the statistical error is included. In practice, after including the branching ratios of 
the relevant decay modes and the detection efficiency of the events, these bounds will 
become somewhat weaker, but we do not expect an order of magnitude difference. 
Also, these bounds shall be improved by carefully analyzing angular correlations when 
data is available. 



Process 


Bounds ( e + e ) 


z L z L -> tt 


-0.07 < X < 0.08 


W£W£ -> tt 


-0.03 < Xi < 0.035 


W£W£ -> tt 


-0.28 < X m < 0.12 


wt [ - ] z L - tb {bt) 


-0.32 <X 2 < 0.82 


w+ ( - } z L - tb (bt) 


-1.2 < A 3 < 0.5 


W+^Zl - tb (bt) 


-0.8 < A 4 < 1.3 



Table 5: The range of parameters for which the total number of events at the LC 
deviates by less than 2a from the no-Higgs SM prediction. 

As shown in Table [5], these coefficients can be probed to about an order of 10 _1 or 
even 10~ 2 . For this Table, we have only considered an unpolarized e~ beam for the 
LC. To obtain the bounds we have set all the anomalous coefficients to be zero except 
the one of interest. This procedure is justified by the fact that at the leading orders of 
E 3 and E 2 , different coefficients contribute to different partial waves. (The definitions 
of the combined coefficients X, X%, X 2 , A3 and A4 are given in the previous section.) 

If the LC is operated at the e~e~ mode with the same CM energy of the collider, 
then it cannot be used to probe the effects for W£W£ — > ti, but it can improve 
the bounds on the combined coefficients A4, X 2 and A3, because the event rate will 
increase by a factor of 2 for W[Zl — > bt production. 

By combining the limits on these parameters we can find the corresponding limits 
on the effective coefficients a zz i, a z2 , a z3 , a z4 , and (a m + \a ww2 ). For example, if we 
consider the limits for A3 and A4, we will find the limits for a z2 , a z ^. Then we can 
compare the bounds on a z ^ and those on X\ to derive the constraints on a zz \. Also, 
the bounds on a z3 and on A 2 will give the constraints on a z4 . Finally, we use the 
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bounds on a z3 , a z2 and X m to obtain constraints for 
these results. 



Table 161 shows 



Bounds on X parameters 


Bounds on anomalous coefficients 


-1.2 <X 3 < 0.5 


-0.6 < a z2 < 0.32 


-0.8 <X 4 < 1.3 


-0.9 < a z3 < 1.1 


-.03 < X x < .035 


-0.17 < a 22l < 0.15 


-0.32 <X 2 < 0.82 


-1.9 < a 24 < 1.7 


-.28 < X m < .12 


-0.7 < a m + |gw; < 0.4 



Table 6: The constraints on the anomalous coefficients obtained by the linear combi- 
nation of the bounds on the X parameters. 



Nevertheless, we can also follow the usual procedure of taking only one anomalous 
coefficient as non-zero at a time. Under this approach the bounds become more 
stringent: 



-0.3 < 


a-zzi 


< 0.035 , 


-0.28 < 




< 0.12 , 


-0.24 < 




< 0.28 , 


-0.4 < 




< 0.2 , 


-0.82 < 




< 0.32 , 


-0.56 < 


a 2 4 


< 0.24 . 



Again, these bounds come from the consideration of a 2a deviation from the no- 
Higgs SM event rates. For instance, at the LC, the no-Higgs SM predictions for the 
processes Z L Z L — > it and W£W£ — > it are 60 and 400, respectively [cf. Figs. [| and 
PHI . This means that a number of events between 75 and 45 for the first process, and 
between 440 and 360 for the second one, is considered consistent with the no-Higgs 
SM prediction at the 95% C.L.. Fig. |9| shows an interesting situation for ZlZl — > it, 
if the parameter X happened to be between 0.75 and 0.90 then we would obtain a 
number of events consistent with the no-Higgs SM. However, if this were the case, 
then Xi would have to be at least of order 0.7 and we would observe a substantial 
deviation (of about 600) in the number of events produced from W^W^ it. This 
also happens the other way around, if X\ is between 0.38 and 0.45, we would obtain 
a production rate consistent with the no-Higgs SM for W^W£ fusion [cf. Fig. [Hj, 
but then X would be at least of order 0.3, and according to Fig. |9|, we would observe 
only 18 it pairs from ZlZl fusion, too far from the 60 ± 15 range of the no-Higgs SM 
prediction. Hence, all the production channels have to be measured to conclusively 
test the SM and probe new physics. 
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The above results are for the LC with a 1.5 TeV CM energy. To study the 
possible new effects in the production rates of W£W£ — *> ti at the LC with different 
CM energies, we plot the production rates for various values of X\ in Fig. [T^. (Again, 
X\ — stands for the no-Higgs SM.) Notice that, if X% were as large as —0.5, then a 1 
TeV LC could well observe the anomalous rate via W^W£ fusion. For X% = 0.25 
the event rate at 1.5 TeV is down by about a factor of 2 from the SM event rate.0 



8.2 CP violating effects 

The complete set of anomalous dimension 5 operators listed in consists of oper- 
ators with CP- conserving and non-conserving parts. In our study of the top quark 
production rates we have only considered the CP-even part of these operators; their 
contribution, like the one from the no-Higss SM at tree level, is real. However, a 
CP-odd operator can contribute to the imaginary part of the helicity amplitudes, and 
it can only be probed by examining CP-odd observables. 

To illustrate this point, let us consider the CP-odd part of the four-point scalar 
type operator 9 yvw and the electric dipole moment term of [cf. Eqs. Q5"3]) and 



(55)]. After including contributions from the no-Higss SM and from the above two 



CP-odd operators, the helicity amplitudes for the W^W L — > tt process in the W^W L 
22 If Xi is too big , partial wave unitarity can be violated at this order. 

23 For positive values of X\ the rate tends to diminish below the SM rate. However, near 0.25, the 
rate begins to rise again, toward the SM rate. 
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CM frame are: 



m t E E 3 (a wwl + 2a d c 6 ) 
J-±±— ± — o H 



v 2 v 2 A 
T +- = 7-i ~ 77^7" , ( 89 ) 



i .... n - ( i — i 1 <<- 



•2 - (1 - Q>) (l 



T_ , = 



where, by a d and a TO i, we refer to the imaginary part of the coefficients of and 
Ogvwv, respectively. 

One of the CP-odd observables that can measure a d and a ww \ is the transverse 
polarization (P±) of the top quark, which is the degree of polarization of the top quark 
in the direction perpendicular to the plane of the W£ W£ — > tt scattering process. It 
was shown in Ref. |35| that 



2im (r; + r_+ + t;_t_ 



\ww ++ \ 2 + \ww + -.\ 2 + \ww_ + \ 2 + \ww- 
which, up to the order ~, is 



(90) 



p ^ ^s e E (Awwi + 2a d c e ) 

2£2 + U - Q)J ^1 - 

Again, = y^i is the CM energy of the W^W£ system; P±, by definition, can only 
obtain values between —1 and 1. For E — 1.5 TeV, A = 3 TeV, and 9 — ~, or |, we 
obtain P± = 45^1, or 4v / 3(a«,«,i + a d ), respectively. Since | Pj_ | is at most 1, this 
requires | a wwl \< \ or | a wtul + a d |< 

At a 1.5 TeV e + e~ collider, the no-Higgs SM predicts about 100 tt pairs, with an 
invariant mass between 800 GeV and 1100 GeV, via the W£W[ fusion process . Let 
us assume that a d = 0, and that P± can be measured to about ^= = 10%, then an 
agreement between data and the no-Higgs SM prediction (P± = at tree level) would 
imply | a wwl \ < 0.04. 



9 Conclusions 



If the fermion mass generation is closely related to the EWSB mechanism, one 
expects some residual effects of this mechanism to appear in accordance with the mass 
hierarchy. Since the mass of top quark is heavy, it is likely that the interactions of the 
top quark can deviate largely from the SM predictions. In this study, we have applied 
the electroweak chiral Lagrangian to probe new physics beyond the SM by studying 
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the couplings of the top quark to gauge bosons. We have restricted ourselves to only 
consider the interactions of the top and bottom quarks and not the flavor changing 
neutral currents that involve the other light quarks. Also, motivated by low energy 
data, we assume that the coupling of Z-b-b is not strongly modified by new physics. 

In section 2, we introduced the dimension 4 non-linear chiral Lagrangian that 
contains the no-Higgs SM and the four unknown effective coefficients. Among them, 
two represent the non-standard couplings associated with the left- and right-handed 
charged currents and , and two more for the anomalous left- and right- 
handed neutral currents k^ c and Kr C - Constrains for these coefficients have been 
found using precision LEP/SLC data |§. In particular, under the assumption that 
the b-b-Z vertex is not modified at tree level, k^ c is bound within and 0.15 (0.0 < 
< 0.15). On the other hand, although and are allowed to vary in the 
full range of ±1, the precision LEP/SLC data do impose some correlations among 
k l C i k r C i an d A s f° r K Ri ^is coupling does not contribute to the LEP/SLC 
observables of interest in the limit of m& = 0, but it can be constrained independently 
by using the CLEO measurement of b -> s 7 : -0.037 < k c ^ < 0.0015 @|2|-0 At 
the upgraded Tevatron (Run-II) and the LHC, k1° and can be further tested by 
studying the production and the decay of the top quarks while and can be 
better measured at the LC. 

If a strong dynamics of the electroweak symmetry breaking mechanism can largely 
modify the dimension 4 anomalous couplings, it is natural to ask whether the same 
dynamics can also give large dimension 5 anomalous couplings. In the framework 
of the electroweak chiral Lagrangian, we have found that there are 19 independent 
dimension five operators associated with the top quark and the bottom quark sys- 
tem. Their leading contributions to the helicity amplitudes for VlVl — > ti,tb, or bi 
processes are given in Appendices B and C. The high energy behavior of the above 
scattering processes due to the dimension 5 operators, two powers in E above the 
no-Higgs SM, provides a good opportunity to test these operators on the production 
of ti pairs or single-t or t events in high energy collisions. Since, in the high energy 
regime, a longitudinal gauge boson is equivalent to the corresponding would-be Gold- 
stone boson, the production of top quarks via VlYl fusions shall probe the part of 
the electroweak symmetry breaking sector which modifies the top quark interactions. 
Since the dimension 4 anomalous couplings k's can be well measured at the scale of 
Mz or m t , we expect that their values will be already known by the time data is 
available for the study of VlYl fusion processes in the TeV region. Hence, to simplify 
our discussion on the accuracy of the measurement of the dimension 5 anomalous 
couplings at future colliders, we have taken the dimension 4 anomalous couplings to 
be zero for this part of the study. Also we have considered a special class of new 
physics effects in which an underlying custodial £77(2) symmetry is assumed that 

24 We have used the updated data in Ref. (2j| and the formula in Ref. [^] to recalculate this 
bound. 
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gets broken in such a way as to keep the couplings of the Z-b-b unaltered. This ap- 
proximate custodial symmetry then relates some of the coefficients of the anomalous 
operators, reducing the number of independent coefficients from 19 down to 6 only. 
Then we study the contributions of these couplings to the production rates of the top 
quark at the LHC and the LC. 

We find that for the leading contributions at high energies, only the S- and P- 
partial wave amplitudes are modified by these anomalous couplings. If the magnitudes 
of the coefficients of the anomalous dimension 5 operators are allowed to be as large 
as 1 (as suggested by the naive dimensional analysis f25|), then we will be able to 
make an unmistakable identification of their effects to the production rates of top 
quarks via the longitudinal weak boson fusions. However, if the measurement of 
the top quark production rate is found to agree with the SM prediction, then one 
can bound these coefficients to be at most of order 10 _1 . This is about a factor 

~ i75GeV ~ O(10) more stringent than in the case of the study of NLO bosonic 
operators via the VlVl — > VlVl scattering processes |31, 24|. Hence, for those 
models of electroweak symmetry breaking for which the naive dimensional analysis 
gives the correct size for the coefficients of dimension 5 effective operators, the top 
quark production via VlVl fusions can be a more sensitive probe to EWSB than the 
longitudinal gauge boson pair production via VlVl fusions which is commonly studied. 
For completeness, we also briefly discuss how to study the CP-odd operators by 
measuring CP-odd observables. In particular, we study their effects on the transverse 
(relative to the scattering plane of W^W[ — > tt) polarization of the top quark. 

In conclusion, the production of top quarks via VlVl fusions at the LHC and 
the LC should be carefully studied when data is available because it can be sensitive 
to the electroweak symmetry breaking mechanism, even more than the commonly 
studied VlVl — > VlVl processes in some models of strong dynamics. 
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A Equations of Motion 

From the electroweak chiral Lagrangian of Eq. (^), we can use the Euler- 
Lagrange equations to obtain the equations of motion for the top quark. They are: 

*m + ^lA)tL - ~(i - ^sl + 4 c )^z,t L - 1 

ir(d, - i\slA,)b L - {-\ + \sl)^Z,b L - 

il^{dn - i\s 2 w A.)b R - \s 2 w ^ZJ) R 



={\ + K c L c )i"w;b L 


- m t t R 


= o, 




- m t t L 


= o, 


(i + K c L c ^rw;t L 


- m b b R 


= o, 


- ^ c R c ^»w-t R 


- m b b L 


= 0. 



B helicity amplitudes 



Below, we show the leading contributions in powers of E (the CM energy of the 
VlVl system) of the helicity amplitudes for the processes VlYl — > tt, tb and bt, in 
the limit E ^> m t ^> 777.5, and for the no-Higgs SM (i.e. C^ M ). 25 In general, any 
contribution that is not proportional to E 3 or m t E 2 (the highest leading factors) is 
neglected throughout this paper. 

B.l Z L Z L it and W£W L -> 

The helicity amplitudes for tt production are given as follows. The first two letters, 
zz or ww , refer to the ZlZl — > or W^W£ — > scattering processes, respectively. 
The first and second adjacent symbols (+ or — ), refer to the helicities of the final top 
and anti-top quarks, respectively. Throughout this paper, the scattering angle 9 is 
defined as the one subtended between the momentum of the incoming gauge boson 
that appears on the top-left part of the Feynman diagram [cf. Figs. |] and P 
and the momentum of the outgoing fermion appearing on the top-right part of the 
same diagram; all in the CM frame of the VlVl pair. We denote its sine and cosine 
functions as sg and eg, respectively. 





mt E 


zz ++ = 


-ZZ = — — 




V 




2 m 


ZZ + - = 






( 4c l m t 




y e' 2 


ww ++ = 


— WW = zz. 



+ S 2 g)v 2 



2', 



These amplitudes agree with those given in Ref. [B6| 
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ww + . 



WW. 



2 ?»( sq 



V £ 2 



2m^ s e 



(^ + (1 



C0 



2m 2 



(B.l) 



For we have kept the term proportional to the 6-mass in the denominator of 

the fermion-propagator to avoid infinities at 9 = in the numerical computations. 

For completeness, we include the leading contributions that may come from the 
k coefficients in [cf. Eq. ([33])]: 
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ww* 
ww h _ 

WW* 
WW* 



++ 
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m t E 
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—ww h 

E 2 s e 

v 2 
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2 m 2 cqSq 
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ce)(2K C L c 



ce{4 c + 4 C ; 



.NC 



K R [ K R 



CC\2 



.NC 



K C L C {2 + K 



CC\ 
L ) 



:b.2) 



B.2 W£Z L -> tb and W L Z L -> bt 

The following helicity amplitudes for single top or anti-top production were not given 
in Ref. | 36| . We have taken the limit E 3> m t ^> m^. The first three letters, wzt or 
wzb, refer to the W£Z L — > tb or W^Z L — > bt scattering process, respectively. 



wzt +H 

wzt-. 
wzt + - 

WZt-j 

wzb +A 
wzb-. 
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wzb + - = —wzt + -(c0 — ► — co) = . 

Including the contributions from the K coefficients in we obtain: 
E m t 



(B.3) 



wzt R ++ 
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wzt\_ 
wzt K _ + 



,CC\ 
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C helicity amplitudes 



Below, we show the anomalous coupling contributions to the helicity amplitudes for 
the VlYl — > it, tb or bt scattering processes. The first letter, a, stands for anomalous. 
All the 19 anomalous operators listed in section 4 have been considered. 



C.l Z L Z L 



tt 



There are four operators relevant to this process. The four-point operator O g zz, with 
coefficient a zz i, contributes only through the diagram of Fig. |3|(c). The other three, 
O a DZ, OzDf and 9 dz, with coefficients a z2 , a z3 and a Z 4, respectively, contribute 
through diagrams 0(a) and 0(b). However, since external on-shell Z bosons satisfy 
the condition = 0, the contribution from the derivative-on-boson operators O a r,z 
and Ogoz vanishes. The only non-zero contributions come from O g zz and OzDf- The 
anomalous contributions to the helicity amplitudes are: 



azz + j 

azz 

azz + _ 



-E 3 (2a zzl + (l-| S 



t J a z3 



v 2 A 



&ZZ^ |_ ; 

az^+ = 



(C.l) 



The amplitudes with opposite sign helicities azz + _ and azz (_ appear as zero. This 

is so because the contribution from the four-point operator O g zz is proportional to 
the spinor product u[\ = ±l]u[A = =Fl], which is zero in the CM frame of the it pair. 
Furthermore, for the operator with derivative-on-fermion, OzDf, the leading energy 
power for azz± T is E° and we do not include it in the above results. 
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C.2 W£W L -► 

The relevant operators are: the four-point operators 9 vvw and Cvyvw with co- 
efficients a ww i and a wu ,2, respectively; derivative-on-boson operators O a oz, 9 dz, 
O uD wl(r), O gDWL ( R ) and O a , with coefficients a z2 , a z4 , a w2L {R), a W 4L(R) and a m , 
respectively; derivative-on-fermion operators OzDf, CWdir(l) and OyvDbL(R), with 
coefficients a z3 , a w3R ( L ) and a bw3L ( R ), respectively 

However, some operators give null contributions. For instance, a w2 L(R) and a w ^ R ) 
enter in the t-channel diagram of Fig. |](a), but the condition = for the on-shell 
W + and W~ bosons makes their contribution to vanish. Similarly, the contribution 
from 9 vvw is proportional to the spinor product u[X = ±l]v[\ = =)=1], which is zero 
in the ti CM frame; also, the contribution from O g Dz, which enters in the s-channel 
diagram ^(c), vanishes when the Lorentz contraction in the product of the tri-boson 
coupling, the bosonic propagator and the anomalous coupling is done. There is no 
effect from operators that depend on b R , such as 9 dwl, OwotL and Owmh-, because 
the bottom quark is purely left handed in diagram [|(a) in the limit — > 0. Also, the 
contributions from the operators Oy^r>tR{L) (with coefficient a w3R ^) and Oy\?DbL(R) 
(with coefficient dfe W 3L(_R)) are identical. Hence, the helicity amplitudes are: 

2E 3 

aww ++ = — {a wwl + a ww2 c B ) - 

v z A 

E 3 ( CI W 3R, + Clbw3R , f &W3R + (lbw3R, A \ \ 

- 2 a z2 + a z3 + Aa m 




v 2 A \ y/2 
aww = —aww ++ , 

2 E 2 m t sg I „.,,, „„.,,, 
aww + _ = 12 a ww2 —= 2a z2 + 4a n 

aww- + = — (2 a ww2 -2a z2 + 4a m ) . (C.2) 



v 



2 A 



C.3 W^Z L tb 

There are two kinds of operators that contribute to this process. The first ones 
(operators with top and bottom quarks) distinguish chirality; the second ones (op- 
erators with top quarks only) do not. The ones that distinguish chirality are: the 
four-point operators O gWZ L(R) and O aWZ L(R), with coefficients a wzX L{ R ) and a wz2 L(R), 
respectively; derivative-on-boson operators O aDW L( R ) and O gDWL ( R ), with coefficients 
0"w2L{R) and Ou,4£(ij), respectively; derivative-on-fermion operators OyyDtR(L) and OwDbL(R), 
with coefficients a w3R ^) and a^L^, respectively. The second ones, that do not 
distinguish chirality, are: derivative-on-boson operators O a oz and O g oz, with coeffi- 
cients a z2 and a 2 4, respectively; derivative-on-fermion operator OzDf, with coefficient 
a z3 . 

A particular feature, common to all the operators that distinguish chirality, takes 
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place: If the helicity of the particle is opposite to the chirality in the coupling, then 
the contribution will be proportional to the mass of that particle. For instance, the 
leading term for the contribution of OwDtR to awzt ++ is proportional to E 3 , but the 

leading term for awzt is proportional to mtrribE 1 . (The left handed helicity of the 

anti-bottom is opposite to its left handed chiral component.) 

The three relevant operators that do not distinguish chirality participate only 
through the u-channel diagram of Fig. |^(b), and only Ozof gives non-zero contribu- 
tion. The other two, with derivative on boson, have their contribution vanished from 
the condition = of the on-shell Z boson. On the other hand, the contribution 
of OzDf to those amplitudes with a left handed helicity anti-bottom is zero in the 
limit rrib — > because the bottom becomes purely left handed in this diagram. Hence, 

E 3 / / 2 

awzt:, = 



a«,3i? + ctbw3R 1 + ~s w + ce 
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C.4 W L Z L -»• bt 

This process is similar to W^Zl — > tb, as discussed above. The same kind of operators 
contribute here, and the same reasons of why some contributions are negligible or zero 
apply. 
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